AD-A171  816 
UNCLASSIFIED 


EXPANSION  COEFFICIENT  ON  OXIDES  AND  OXIDE  CERAHICS(U) 
NAVAL  MEAPONS  CENTER  CHINA  LAKE  CA  J  COVINO  NAV  86 
NMC-TP-6663  SBI-AD-E988  396 

F/G  11/2 


1/1 


NWC  TP  6663 


Expansion  Coefficient  on  Oxides 
and  Oxide  Ceramics 


by 

Josephine  Covino 
Research  Department 


MAY  1986 


NAVAL  WEAPONS  CENTER 
CHINA  LAKE,  CA  93555-6001 


DTIC 


Approved  (or  public  release;  distribution  is  unlimited. 


Naval  Weapons  Center 


FOREWORD 

Since  the  production  of  Cer-vit  ceased,  we  have  become  increasingly 
dependent  on  Schott's  Zerodur  and  Coming's  ULE  (type  7971)  for  use  in 
applications  requiring  ultra-low  thermal  expansivity.  There  are  times 
when  neither  ULE  nor  Zerodur  are  acceptable,  particularly  for  laser 
gyros.  In  our  search  for  a  replacement  for  Cer-vit,  we  have  begun  by 
compiling  the  data  found  in  the  open  literature  through  June  1985  on 
expansion  coefficients  of  oxides  and  oxide  ceramics.  This  report  is  the 
result  of  our  gathering  of  this  data. 

This  compilation  was  performed  for  Andrew  Glista  under  NAVAIR 
Program  Element  637-28-N,  Project  Number  137-831,  Task  Number  W-1050, 
and  Work  Unit  Number  137-831. 

The  report  was  reviewed  for  technical  accuracy  by  Charlotte  K. 
Lowe-Ma. 


Approved  by 
R.  L.  DERR,  Head 
Research  Department 

15  May  1986 

Released  for  publication  by 
G.  R.  SCHIEFER 
Technical  Director 


Under  authority  of 
K.  A.  DICKERSON 
Capt. ,  USN 
Commander 


NWC  Technical  Publication  6663 


Published  by  .  Technical  Information  Department 

Collation  .  Cover,  22  leaves 

First  printing . 85  copies 


a 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE 


la  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


2a  SECURITY  CLASSIFICATION  AUTHORITY 


REPORT  DOCUMENTATION  PAGE 


lb  RESTRICTIVE  MARKINGS 


2b  DECLASSIFICATION  /  DOWNGRADING  SCHEDULE 


4  PERFORMING  ORGANI2ATION  REPORT  NUMBER(S) 

NWC  TP  6663 


6a  NAME  OF  PERFORMING  ORGANIZATION 

Naval  Weapons  Center 


6<  ADDRESS  (C/fy,  State,  and  /IP Code) 

China  Lake,  CA  93555-6001 


3  distribution/availability  of  report 
Approved  for  public  release;  distribution 
is  unlimited. 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6b  OFFICE  SYMBOL  7 a  NAME  OF  MONITORING  ORGANIZATION 

(if  applicable)  I 


7b  ADDRESS  (C;fy,  Sfafe,  and /IP  Code) 


8a  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

Naval  Weapons  Center 


8  c  ADDRESS  (City,  State,  and  ZIP  Code) 


8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 

PROJECT 

TASK 

FLEMENT  NO 

NO 

NO 

China  Lake,  CA  93555-6001 

637-28-N 

137-831 

W-1050 

II  Title  (Include  Security  Classification) 

EXPANSION  COEFFICIENTS  ON  OXIDES  AND  OXIDE  CERAMICS 


12  personal  author(S) 

Josephine  Covino 


1 3a  TYPE  OF  REPORT 

Final 


i6  supplementary  notation 


WORK  JN  T 
NO 

137-831 


13b  TIME  COVERED  14  DATF  OF  REPORT  (Year  Month.  Day)  IS  PAGE  COUNT 

FROM  84  _D.ec_  TO  85  Jun  1986 ,  May  42 


FIELD 

GROUP 

1  1 

02 

COSATI  CODES 


SUBGROUP 


18  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Expansion  Coefficients,  Oxides,  Structure  Type, 

Unit  Cell  Parameters 


19  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

(U)  Expansion  coefficients  for  existing  oxides  and  oxide  ceramics  have  been  compiled. 
In  some  cases,  where  data  is  available,  a  description  of  how  the  thermal  expansion 
coefficient  was  measured  will  be  noted. 


20  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 
QluNCLASSlFlED/UNLiMITED  □  SAME  AS  RPT 


22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 

vino 


DO  FORM  1473, 84  mar  83APRe 


ACT  21  ABSTRACT  SECURITY  CLASSIFICATION 

AS  RPT  noTiC  USERS  UNCLASSIFIED 


22b  TELEPHONE  (Include  AreaCode )  22 c  OFFICE  SYMBOL 

619-939-1608  3854 


83  APR  edition  may  be  used  u^H  exhausted  SECURITY  CLASSIFY, ON  OF  This  PAGE 

Another  editions  are  obsolete  i-vn  tpcinm  . “ 

LNCLASSIFI ED 


NWC  TP  6663 


CONTENTS 


Introduction  ....  .  .................  3 

Discussion . 3 

Conclusions . 28 

References . 29 


Figure : 

1.  Expansion  of  Coefficients  Versus  Temperature  Plots 

for  Some  Commonly  Used  Laser  Gyro  Materials . 26 


Tables : 
1. 
2, 


Thermal  Expansion  of  Crystals  Data  .  3 

Coefficients  of  Thermal  Expansion  at  Very 

Low  Temperatures  of  Solids  .....  .  15 

Thermal  Expansion  of  Fixed-Structure  and  Simple- 
Structure  Compounds  for  Which  Bond  Thermal 

Expansion  is  Equal  to  Bulk  Linear  Expansion  .  17 

Polyhedral  Thermal  Expansion,  Variation  of  Isotropic 
Temperature  Parameters  and  Bonding  Parameters  From 
Complete  Three-Dimensional,  High-Temperature  (>400*C) 

Crystal  Structure  Refinements  .  20 

Oxides  With  Very  Low  to  Intermediate  Thermal 

Expansion . 27 


s 


DTIC 

ELECTE 
AUG  1  5  1986 


D 


|  Aco^r*. ion  For 

|  NT  i ...  v,\.\  r 

i  ti-r  ;  r  v  - 


v*- 


lA'i 


T.m  '.wKw~7  >.•'  r » . » .TrT'rrrr^TrT^K-zr. m.-*? 


NWC  TP  6663 


INTRODUCTION 


Since  the  production  of  the  glass  ceramic  Cer-vlt  ceased,  we  have 
become  Increasingly  dependent  on  Schott's  Zerodur  and  Coming’s  ULE 
(type  7971)  for  applications  requiring  ultra-low  thermal  expansivity; 
however,  there  are  applications  where  neither  ULE  nor  Zerodur  are 
acceptable.  For  example,  ULE  has  a  high  helium  permeability  and  cannot 
be  used  for  laser  gyros.  Zerodur  cannot  be  used  for  all  laser  gyro 
applications  because  It  is  unstable  on  thermal  cycling  between  -23  and 
177°C  (-9  and  350°F),  which  is  the  operational  range  of  laser  gyros. 
Furthermore,  Zerodur  is  not  of  a  reproduclbly  acceptable  quality  nor  is 
It  readily  available.  Because  of  these  problems,  the  Navy  needs  new 
oxide  glass  ceramics  with  ultra-low  expansion  coefficients  and  low 
helium  permeability. 

This  report  is  a  compilation  of  data  on  expansion  coefficients  for 
existing  oxides  and  oxide  ceramics.  Some  of  these  materials  may  be 
suitable  for  laser  gyro  applications. 


DISCUSSION 


In  the  past  20  years,  there  has  been  an  enormous  growth  of 
research  effort  in  the  measurement  of  thermal  expansion  coefficients  of 
materials.  These  methods  can  be  classified  under  the  two  general 
headings  of  microscopic  (lattice)  expansion  measurements  and  macro¬ 
scopic  methods.  The  observations  on  thermal  expansion  can  be  made 
using  either  a  static  or  a  dynamic  procedure.  In  the  static  procedure, 
the  temperature  of  the  material  under  investigation  is  maintained  con¬ 
stant  for  a  certain  interval  of  time,  and  the  variation  of  the  length 
that  takes  place  from  one  temperature  to  the  other  Is  measured. 


The  linear  thermal  expansion  coefficient,  a,  at  temperature  T  in 
kelvin  units,  can  be  calculated  from  the  following  empirical  equation 
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where 

XT  =  the  isothermal  compressibility  of  the  solid 
y  =  the  dimensionless  quantity  referred  to  has  the  Grllneisen 
constant  (y  is  about  2  and  is  temperature  independent) 

Cv  =  molar  specific  heat 
V  =  volume  of  the  solid,  cm 

At  high  temperatures,  the  empirical  equation  for  a  range  of 
temperatures  is  given  by 


aT  =  A  +  B  (T-Tq  )  +  C  (T-T0  Y 
while  at  very  low  temperatures 


aT  -  Bt  +  DT3  +  ET5  +  •  •  •  (3) 

where 

A  =  the  linear  thermal  expansion  coef f icient^ at  temperature  To 
(K)  and  it  is  a  factor  expression  in  10“° /K, 

B  =  factor  expressed  1(j  lYT 
C  =  factor  expressed  10”|*  /l^ 

D  -  factor  expressed  10“  L  /K 
E  =  factor  expressed  10“* 3 /K6 ,  and 
T  =■  temperature  in  K 

Equations  2  and  3  are  purely  empirical  in  that  they  have  been 
derived  from  experimental  results  and  observations.  The  numerical 
values  of  the  quantities.  A,  B,  C,  etc.,  are  given  to  two  or  three 
significant  figures  after  the  decimal  point.  The  number  of  figures 
after  the  decimal  point  varies  in  Tables  1  and  2  because  some  materials 
have  been  studied  more  precisely  than  others.  The  columns  entitled 
Method  and  Remarks  give  some  indication  of  how  a  was  measured.  The 
details  of  the  methods  applied  for  measuring  coefficients  of  thermal 
expansion  reported  in  Tables  1  and  2  can  be  found  in  chapter  2  of 
R.  S.  Krishnan's  book.  Thermal  Expansion  of  Crystals  (Reference  1). 


Table  l  presents  a  compilation  of  aj  for  oxides  at  high  tempera¬ 
tures  and  Table  2  presents  some  low-temperature  data.  Much  of  the 
description  of  structural  variation  with  temperature  depends  on  the  use 
of  thermal  expansion  coefficients  of  volume  and  linear  structural 
units.  Thus,  it  is  important  to  recognize  the  limits  in  the  accuracy 
of  reported  coefficients.  Unit-cell  expansion  coefficients  may  be 
determined  on  single  crystals  or  powders  using  either  X-ray  diffraction 
or  dilatometry.  Although  the  reported  precision  for  many  of  those 
experiments  is  about  1 %  of  the  expansion  coefficient,  several  studies 
on  the  same  material  commonly  differ  by  ±10%. 


AT 


TABLE  1.  Thermal  Expansion  of  Crystals  Data  (Reference  1). 
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TABLE  2.  Coefficients  of  Thermal  Expansion  at 
Very  Low  Temperatures  of  Solids. 


Lattice, 

D ( 1 0-1  1  /K4  ) 

Temperature 
range,  K 

Method 

-41  t  1 

1.5-10 

3T-C 

-35  ±  2 

1.5-10 

3T-C 

-40  ±  1 

1.5-10 

3T-C 

-35  t  1 

1.5-10 

3T-C 

A  variety  of  factors  including  material  impurities,  crystalline 
defects,  or  sample  preparation  may  lead  to  the  disagreement  between 
thermal  expansion  studies.  However,  even  in  well-crystallized  pure 
compounds,  such  as  MgO  or  AI2O3 ,  a  considerable  range  of  published 
expansion  coefficients  exist.  It  appears  that  systematic  experimental 
errors  are  very  common  In  thermal  expansion  measurements,  therefore, 
standardized  procedures  are  needed  to  Increase  the  accuracy  of  these 
studies.  Until  standardized  procedures  are  developed,  the  accuracy  of 
any  given  study  must  be  conservatively  accepted  as  no  better  than  ±5%. 

In  Tables  1  and  2,  the  column  labeled  Compound  lists  the  formula 
name  and  composition  of  both  naturally  occurring  minerals  and  synthetic 
oxides.  The  second  column  In  Table  1,  labeled  Crystal  systems,  lists 
the  structure  type.  The  temperature  at  which  the  measurement  was  made 
(Tb  )  Is  in  kelvln  units.  The  columns  labeled  A,  B,  and  C  are  the 
values  that  are  needed  to  solve  equations  2  or  3  for  the  linear  thermal 
expansion  coefficient.  The  eighth  column,  Range  of  temp,  K,  indicates 
the  temperature  range  for  which  the  given  data  Is  applicable. 

The  compounds  reported  in  Tables  1  and  2  have  not  been  classified 
in  any  way.  However,  most  of  the  compounds  are  arranged  according  to 
the  crystal  systems  to  which  they  belong.  In  the  case  of  anisotropic 
crystals,  the  direction  of  measurement  in  the  crystal  is  indicated  in 
the  column  labeled  Axis-  Some  solids  listed  have  only  a  at  a  particu¬ 
lar  temperature;  this  is  a  reflection  of  what  appears  in  the 
literature. 


In  Table  2,  coefficients  of  thermal  expansion  at  very  low  tempera¬ 
tures  are  listed  for  some  commonly  used  silica  glasses.  A  capacitance 
technique  was  used  to  make  these  measurements.  In  the  capacitance 
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1  V  rf  W  l'  ti'  V 


dilatometer,  the  specimen  dilates,  thus  altering  the  distance  between 
the  plates  of  the  condenser  producing  variations  in  capacity.  A 
three-terminal  capacitance  method  is  used  to  measure  detection  of  move¬ 
ments  as  small  as  10“  cm  and  10_1  cm;  this  allows  measurements  of  a 
to  be  within  an  error  of  *10“  U/K.  A  detailed  description  of  this 
method  is  reported  by  White  (Reference  91). 

Table  3  lists  thermal  expansion  of  fixed-structure  and  simple 
structure  compounds  for  which  bond  thermal  expansion  is  equal  to  bulk 
linear  expansion. 

In  a  fixed-structure  compound,  the  specific  cations  and  anions  fix 
the  structure,  while  a  simple  structure  compound  (e.g., 

Mgg  . 33 ^e0  .67®)  is  one  *-n  which  there  is  only  one  cation  and  one 
anion  (e.g.,  NiO).  The  first  column  lists  the  compound  type,  followed 
by  the  bond  and  structure  type.  Zc  is  the  cation  valence,  Za  is 
the  anion  valence,  and  n  is  the  coordination  number.  The  expansion 
coefficient  <**1000  can  be  calculated  by  the  following  equation. 


“*1000 


d0  +  d1000 


where 


dg  3  mean  cation-anion  bond  distance  at  20°C 
dl 000  =  mean  cation-anion  bond  distance  at  1000°C 

Table  4  lists  polyhedral  thermal  expansion  coefficients,  taking 
into  consideration  the  variation  of  isotropic  temperature  parameters 
and  bonding  parameters  from  complete  three-dimensional,  high- 
temperature  (>400°C)  crystal  structure  refinements. 

Attempts  have  been  made  to  relate  thermal  expansion  to  bonding 
parameters  or  other  physical  properties.  Cameron  and  others  related 
expansion  coefficients  of  metal-oxygen  bonds  to  bond  strengths  (Refer¬ 
ence  132)  where  the  expansion  coefficient 

a  =  4vpit2C2  (6) 

where 

a  =  expansion  coefficient 
v  =  M-0  stretching  frequency 
U  =  reduced  mass 
C  =  speed  of  light 

Although  their  relationship  successfully  modeled  the  bond  expansion  of 
their  study,  the  Cameron  equation  does  not  predict  many  of  the  features 
of  Tables  3  and  4.  Cameron's  equation  does  not  predict  that  compounds 
having  the  rock  salt-type  structure  such  a.s  Ni-0,  Mg-O,  Fe-O,  and  Ba-0 


TABLE  3.  Thermal  Expansion  of  Fixed-St ructuro  and  Simple-Structure  Compounds  for  Which 
Bond  Thermal  Expansion  is  Equal  to  Bulk  Linear  Expansion  (Reference  92). 
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have  similar  expansion  coefficients.  The  data  in  Tables  1  and  2  are 
measured  values,  while  the  data  in  Tables  3  and  4  are  calculated 
values. 

Some  authors  have  attempted  to  relate  thermal  expansivity  to  other 
physical  variables  as  was  demonstrated  by  Hanneman  and  Gatos  (Refer¬ 
ence  159).  The  relation  between  compressibility  and  thermal  expansion 
coefficients  in  cubic  metals  and  alloys  is  that  thermal  expansion  and 
compressibility  are  proportional  for  cubic  metals  and  alloys.  Van 
Uitert  and  others  found  a  simple  inverse  relation  between  the  coeffi¬ 
cient  of  thermal  expansion  and  the  melting  temperature  for  a  large 
number  of  close-packed  structures  (References  160  and  161). 

Many  investigators  have  examined  the  relationships  between  thermal 
expansion,  thermal  vibration  amplitudes,  and  specific  heat.  The  number 
of  attempts  to  predict  thermal  expansion  and  relate  expansion  to  other 
physical  variables  attest  to  the  usefulness  that  such  relationships 
would  be  for  modeling  the  high-temperature  behavior  of  solid-state 
materials. 


A  few  simple  empirical  relationships,  which  allow  the  prediction 
of  bond  distance  changes  with  temperature,  can  be  deduced  from  Tables  3 
and  4.  The  first  important  observation  is  that  all  cation  coordination 
polyhedra  of  a  given  type  (i.e.,  silicon-oxygen  tetrahedra,  magnesium- 
oxygen  octahedra)  show  similar  expansion  coefficients.  For  example, 
Tables  3  and  4  contain  48  compounds  containing  silicon  tetrahedra  that 
have  coefficients  near  or  equal  to  zero  within  two  standard  errors.  Of 
the  remaining  five  compounds,  two  tetrahedra  have  positive  expansion 
coefficients.  In  the  case  of  anorthite,  the  positive  expansion  of  Si-0 
is  accompanied  by  a  large  contraction  of  adjacent  Al-0  bonds.  It  seems 
that  these  anomalies  are  caused  by  disordering  of  Si  and  A1  rather  than 
changes  in  bonds  of  a  fixed  composition.  The  other  three  nonzero  Si-0 
expansivities  occur  in  the  tetrahedral  chains.  In  each  of  these  tetra¬ 
hedral  sites,  the  bridging  oxygen  to  silicon  distance  shows  significant 
shortening  with  increasing  temperature.  Therefore,  this  anomalous 
behavior  can  be  due  to  the  changing  topology  of  the  material  with 
temperature.  The  positive  expansion  in  grossular  garnet,  is  still  a 
small,  and  possibly  insignificant,  expansion.  All  of  the  Mg-0  thermal 
expansion  coefficients  are  consistent  with  a  value  of  14  x  I0“6on~1 
(±  10)  . 

An  important  conclusion  that  can  be  made  from  these  observations 
is  that  the  thermal  expansion  coefficient  for  each  type  of  polyhedron 
is  independent  of  structural  linkages  of  the  polyhedron,  as  long  as  the 
site  chemistry  and  the  nearest  neighbor  configuration  of  the  structure 
do  not  change  with  temperature.  Therefore,  for  each  type  of  cation- 
oxygen  polyhedron,  a  value  for  an  expansion  coefficient  exists  that  may 
be  used  to  predict  behavior  at  high  temperature.  A  second  generaliza¬ 
tion  evident  from  Table  4  is  that  all  oxygen-based  polyhedra  with  the 
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same  Pauling  bond  strength  (cation  valence,  Zc ,  divided  by  coordina¬ 
tion  number,  n)  have  the  same  5"i000  • 


Bulk  thermal  expansion  coefficients  are  not  only  a  function  of 
bond  distance  and  bond  strength,  but  also  how  these  polyhedra  are 
linked  together.  Two  polyhedra  may  be  linked  by  a  shared  face,  a 
shared  edge,  a  shared  corner  or  merely  by  Van  der  Waal's  forces.  The 
type  and  distribution  of  these  polyhedra  linkages  are  the  most  impor¬ 
tant  factors  in  determining  the  bulk  thermal  expansion  of  a  compound. 
The  most  rigid  polyhedral  linkage  is  one  in  which  polyhedra  share  faces 
or  edges  in  three  dimensions.  For  example,  in  the  rock  salt-, 
corundum-,  spinel-,  and  garnet-type  compounds  in  which  a  fully  edge- 
linked  structure  exists,  the  bulk  thermal  expansion  is  small.  The  bulk 
thermal  expansion  is  similar  in  magnitude  to  the  thermal  expansion  of 
metal-oxygen  polyhedra. 


Table  5  lists  a  variety  of  nominally  single  phase  oxides 
low  (<1  x  lO'^/K1),  low  (1-4  x  10“6/K),  and  intermediate  (4-9 
thermal  expansion  coefficients  (References  162  through  164). 


with  very 
x  10_6/K) 


Three  expansion  coefficients  versus  temperature  plots  are  illus¬ 
trated  in  Figure  1.  These  are  materials  that  are  commonly  used  as 
low-expansion  materials  in  the  temperature  region  of  0  to  600  K.  As 
can  be  seen  in  this  figure,  the  expansion  coefficient  is  not  constant 
as  a  function  of  temperature. 


TEMPERATURE,  K 

FIGURE  1.  Expansion  Coefficients  Versus  Temperature  Plots  for  Some 
Commonly  Used  Laser  Gyro  Materials. 
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TABLE  5.  Oxides  With  Very  Low  to  Intermediate  Thermal  Expansion. 


Material 

aax,  106 
(K"1  ) 

raph(K) 

Poros 1 ty , 

Crystal  system0 

Refer¬ 

ence 

Very  low 

Tal  6  W18  °94 

-5.1 

>2050 

31 

Tetragonal 

162 

Ta2  WOf, 

-2  to 

2125 

1-36 

Orthorhombic 

162 

NbnHfgO^  (Solid  solution) 

3.2 

-0.7 

1700 

38 

163 

Nb^  (Solid  solution) 

(Hf0  -8  W0  -8  Taj  .6  )08 

0.0 

1690 

41 

Orthorhombic 

163 

Hfl  ‘26  Tl0  *74  % 

0.0 

>2475 

16 

Ta2  WO9  type 
Orthorhombic 

163 

Taj  j  K,  Os  7 

0.6 

2150 

4°  , 

HfTlOg  type 
Orthorhombic 

162 

Alj  TIO^3 

0.8 

2060 

12  1 

.  l 

Orthorhombic 

163 

Low 

(Hf0  .9!, 5  Hq  -3  15  Ti0  -79  )04 

2.2 

2135 

12 

Orthorhombic 

163 

Zfj  .71  Nb10  .2t,029 

2.5 

1680 

32 

HfTi09  type 
Orthorhombic 

163 

Hfj  .7  j  Nb10  -2  9  02  9 

3.2 

1700 

35 

Ti2;ib10O2g  type 
Orthorhombic 

163 

Ia2  T1O7 

3.4 

1920 

36 

Ti2  Mbi  Q  02 9  type 

1  Monoclinic 

163 

HfTiOt, 

3.6 

2455 

29 

Orthorhombic 

163 

Nb,  TIO7 

3.6 

2155 

2 

Monoc 1 inlc 

163 

Intermediate 

NiT.^  Og6 

4.1 

1965 

1 

18 

Tetragonal 

163 

Zr0  -294  Taj  -765  °S 

4.2 

2000 

36 

Hexagonal 

163 

AlHfTaCfe 

4 .4 

24  35 

30 

S-Ta205  type 
Orthorhombic 

163 

AlTaQ,  e 

5.0 

19  35 

21 

Hexagona 1 

163 

(Hf0  -3  25  Ho  -SlsTio  -37  )°2 

5.9 

>2625 

5 

Monoclinic 

163 

(A1«  *76  fif0  '38  743  0  "38  Ti0  '67  )°4 

6.4 

1925 

36 

Hf02  type 
Orthorhombic 

163 

YHfTa<% 

6.6 

2185 

13 

HfTlOg  type 
Orthorhombic 

164 

MgTajCfe 

6.8 

2000 

38 

Tetragonal 

163 

AIT  iTaOg 

7.1 

1970 

28 

Tet  ragonal 

164 

YTiTaOg 

7.5 

2025 

28 

Orthorhombic 

163 

Y2  TiC^ 

8.8 

2115 

22 

Orthorhombic 

164 

a  Coefficient  of  thermal  expansion  assuming  linear  thermal  expansion  from 
295-1275  K. 

b  Melting  point  values  measured  by  differential  thermal  analysis. 
c  Single  phase  by  X-ray  diffraction. 

^  Sample  contained  some  TIO2  as  a  second  phase  as  determined  by  X-ray  diffraction. 
e  Sample  contained  some  6-Ta20c,  determined  hv  X-ray  diffraction. 
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CONCLUSIONS 


This  paper  reports  expansion  coefficients  for  a  variety  of  oxides 
and  oxide  ceramics  and  discusses  some  rules  for  predicting  low  expan¬ 
sion  oxides.  Some  of  the  structure  types  in  which  low  thermal  expan¬ 
sion  should  be  expected  are  rock  salt,  corundum,  spinel,  and  garnet. 
This  information  can  make  it  possible  to  synthesize  new  materials  with 
somewhat  predictable  expansion  coefficients.  It  is  possible  that  a 
multiphase  material  can  be  engineered  to  have  a  net  zero  expansion  at  a 
given  temperature  by  forming  a  ceramic  composite  with  components  that 
have  both  negative  and  positive  expansion  coefficients.  This  is  the 
approach  taken  in  Zerodur  and  in  ULE,  but  clearly,  some  improvements 
need  to  be  made.  However,  just  having  a  powder  that  has  the  right 
composition  to  give  a  low  expansion  ceramic  is  only  part  of  the  prob¬ 
lem.  Studies  have  indicated  that  processing  can  drastically  alter 
expansion  properties  of  oxides.  It  has  been  found  that  fine-grained 
(<10  tin)  anisotropic  ceramic  materials,  such  as  hafnium  oxide,  hafnium 
titanate,  and  tantalum  tungstate  may  exhibit  thermal  expansion  hystere¬ 
sis  effects  with  minimal  observable  microcracking  or  grain  boundary 
separations  (References  165  through  167).  In  ceramic  materials,  ther¬ 
mal  expansion  hysteresis  can  be  accounted  for  by  reversible  phase 
transitions  or  by  microcracking. 

For  large-grained  bodies  of  materials,  microcracking  is  the  common 
cause  of  thermal  expansion  hysteresis.  Considering  fine-grained  mate¬ 
rials  data  shows  that  all  materials  will  have  a  critical  grain  size 
below  which  no  observable  mi c roc  rack i ng  can  occur  (Reference  168). 
However,  fine-grained  ceramic  materials  have  a  greater  tendency  to 
deform  without  cracking  since  mechanical  strength  is  greater,  and  there 
is  decreased  localized  gra i n-bounda rv  stress  resulting  from  thermal 
expansion  anisotropy  (Reference  169).  Therefore,  for  ceramic  mate¬ 
rials,  any  effect  of  cyclic  plastic  deformation  (strain  induced  from 
thermal  cycling)  should  increase  is  the  grain-size  decreases. 

Whenever  thermal  expansion  hysteresis  is  apparent  and  phase  trans¬ 
formations  or  microcracking  are  not  apparent,  hysteresis  in  the  thermal 
expansion  courses  of  ceramics  could  be  accounted  for  bv  a  plastic 
deformation  component  (caused  by  thermal  stresses  at  po Ivc rv s t a l l ine 
grain  boundary)  added  to  the  elastic  strain  (thermal  expansion  or  con¬ 
traction).  Because  of  the  factors  that  can  affect  the  expansion  coef¬ 
ficient  of  a  material,  synthesis  of  "low  expansion"  (<10-  /k)  materials 
for  laser  gyro,  structural  ceramic  applications  are  an  area  of  continu¬ 
ous  research. 
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